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Abstract
Polydimethylsiloxane/ Poly (methyl methacrylates) copolymers (PDMS/PMMA) were synthesized by macromolecule initiation
polymerization in the PDMS content (molar fraction) of 27.5%, 61.7%, 72.8% and 78%. The surface coatings of these
copolymers were then prepared by spinning-coating technology and examined with AFM. The morphologies of the copolymer
coatings demonstrated that all of the copolymers had island shape micro-phase separation structure. Both the size of the
separation and the RMS value increased with the PDMS content increasing from 27.5 % to 72.8% and then decreased when the
PDMS content reached 78%. The less obvious phase separation for as prepared coatings were strengthened after annealing. In
addition, the hydrophobic surface coating of PDMS/PMMA copolymer had a good resistance to protein and diatom adsorption,
which is demonstrated by the water contact angle testing and adsorption experiment of BSA protein, nitzschia closterium
minutissima. And the resistances of copolymer surfaces to protein and diatom adsorption increased after annealing treatment.
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1. Introducture
Block copolymers with micro-phase separation structure have attracted much attention in recent years, due to its
superiorities in antifouling, anticoagulant, optics and microelectronics, etc. (Yebra et al., 2004), (Xie et al., 2011),
(Ni et al., 2012), (Iimura et al., 1998), (Gavrilov et al., 2011), (Kaczmarek and Chaberska, 2009). The micro-phase
separation structures tend to be formed in block copolymers(Sharma et al., 2006), (Mani et al., 1998), owing to the
incompatibility and bonding force between different chain segments. It has been proved that the biological
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antifouling performance and anticoagulant properties of polymer coating surfaces are related to the surface micro-
phase structure and size. The structure can be multilayer, columnar and sphere according to the components of the
copolymers. But for coatings, copolymer can form different morphologies (Templin and Franck, 2007).
Considerable interests have been aroused for polysiloxane (PDMS) due to the excellent properties, such as high
flexibility, good oxidative stability, high heat resistance, low energy, biocompatibility and environmental friendly
characteristics. Copolymers with PDMS segments are widely used in thermoplastic elastomer, surfactant, lubricant,
waterproof agent and antifoamer. However, the insuperable disadvantages, such as high-cost and low cohesive
strength, limit their further application in many fields (Deng et al., 2007), (Sun etal., 2004), (Liu et al., 2012), (Rath
et al., 2009). In recent years, a variety of methods have been tried to synthesize PDMS copolymers with multiphase
structures, looking forward to improve their service performances. It has been recognized that
polymethylmethacrylate (PMMA) has better light transmission, ultraviolet radiation resistance and stability to
hydrolysis (Deng et al., 2007), (Richmond et al., 2004), (Varma et al., 2003), (Shi et al., 2010). Therefore,
copolymers made from PMMA and PDMS should fuse together the advantages of these two components, and have
many unique properties (Chang et al., 1999). In addition, the incompatibility between PDMS and PMMA will
certainly endow their copolymers the micro-phase separation structures. This further gives the copolymers some
significantly better performances.
Over the past few years, many studies have been given to copolymers of PDMS/PMMA, from development of
new synthetic strategies to application. All of the findings show that PDMS/PMMA copolymers will have vast
prospect due to their excellent performances (Tan et al., 2010), (Tumer et al., 2004), (Bes et al., 2003), (Brown et al.,
2001). The purpose of this paper is to prepare copolymer coatings with certain surface morphology, and study the
influence of copolymer compositions on the microphase separation structure, as well as the relationship between
phase structure and properties of protein and diatom adsorption resistance, in the hope of controlling the antifouling
performance by adjusting the contents of copolymers. Several PDMS/PMMA copolymers were synthesized by
macromolecule initiation polymerization method under mild condition. After a brief description of the samples
preparation and characterization, the influence of the composition of PDMS/PMMA on their morphology will be
discussed. Then the effect of micro-phase separation structure on protein and diatom adsorption will be described in
detail. The obtained results will be helpful to researchers in antifouling field.
2. Experiment Section
PDMS/PMMA copolymers with different PDMS molar contents were synthesized through two steps. Firstly,
macromolecules azo initiator (MAI) was synthesized by estrification and condensation reaction of polydimethyl
siloxane double blocked by hydroxypropyl (HO-PDMS-OH) (Mw=2,000) and 4, 4’ Azobis (4-cyanopentanoic acid)
(ACPA) at room temperature, with self-made N, N-dimethylpyridin-4-amine -4-methylbenzenesulfonic acid
monohydrate (DMAP-PTSA ) as catalyst and N, N’-dicyclohexyl carbodiimide DCC as activator at room
temperature. Afterward, PDMS/PMMA copolymers were synthesized by macromolecule initiation polymerization
using MAI as initiator and methyl methacrylates (MMA) as monomer in toluene solvent, under nitrogen protection
circumstances at 75 for 12 hours. And, the products were precipitated in mixture of hexane and absolute ethyl
alcohol. After vacuum drying at 40 for 12 hours, the white copolymer powders were obtained. And the PDMS
molar contents were respectively 27.5%, 61.7%, 72.8% and 78% accordingly.
The PDMS/PMMA copolymer coatings were prepared on polished silicon wafers by spin-coating technique using
toluene as coating solvent. Before using, silicon wafers were washed in Piranha solution and distilled water for
several times then vacuum dried at room temperature. After the coatings were coated, solvent was evaporated
quickly and PMMA/PS copolymer coatings were obtained.
Thermal analysis of PDMS/PS copolymers was carried out through differential scanning calorimetry (DSC)
method, with heating speed of 10 per minute, and argon served as a sweep gas when testing. The surface
morphologies of PDMS/PMMA copolymer coatings were observed by atomic force microscope (AFM) in tapping
mode. To study the wettability of the PMMA/PMMA copolymer coatings, water contact angles were investigated by
water contact angle analyzer. In protein adsorption experiments, PDMS/PMMA copolymer coating samples were
immersed in phosphate buffer solution (PBS) of BSA at 0.5 mg/ml for 3 hours. The coating samples were
disinfected with ethanol solution and PBS before using. After removing the sample from the solution, the protein
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concentration in PBS solution was assay by UV-Vis spectrophotometer. Simultaneously, in diatom adsorption
experiment, the coating samples were immersed in artificial seawater with nitzschia closterium minutissima for 45
days. All of the samples, solutions and utensils were sterilized by steam sterilization before using. Then the diatom
on the coating surfaces was washed away by a certain quantity of deionized water and the concentration of diatom
water solution were tested by UV-Vis spectrophotometer.
3. Results and Discussion
3.1. Thermal Analysis of PDMS/PMMA Copolymers
To make clear that PDMS/PMMA copolymer should have micro-phase separation structure, thermal analysis was
carried out. Fig.1 showed the DSC curves of PMMA, HO-PDMS-OH and PDMS/PMMA copolymers with PMMA
molar contents were 27.5% and 61.7%. It illustrated that there were two glass transition points in PDMS/PMMA
copolymers. They located at about -125 and 110 when PMMA molar content was 25.7% and about -127 and
94 when PMMA molar content was 61.7%. Glass transition points of both PMMA and PDMS existed in one
PDMS/PMMA copolymer. This proved that PDMS/PMMA copolymer should have micro-phase separation
structure.
Temperature ()
a— pure PMMA
b— pure HO-PDMS-OH
c— PDMS27.5PMMA
d— PDMS61.7PMMA
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Fig. 1. DSC curves of PMMA, HO-PDMS-OH and PDMS/PMMA copolymers
3.2. Phase Morphology of PDMS/PMMA Copolymer Coatings
Microscopy is an extremely useful tool for studying the modified surfaces as it provides real-space coating
morphology and nanostructure. It also provides detailed topographical information about surface features in terms of
roughness values of the interfaces (Rasmont et al., 2000). Therefore, various PDMS/PMMA copolymer coating
surfaces created in this investigation were characterized using tapping mode AFM. Fig. 2 showed 2D and 3D AFM
images of the surface morphology for the spin-coated PDMS/PMMA copolymer coatings with different PDMS
contents. Atomic force microscopy analysis results can illustrate the changes in surface topography clearly. The
coatings surfaces were rough, showing islands of varying heights. In the case of light tapping mode, the interaction
largely depends on a meniscus force on the polymer surface, i.e., hydrophilicity and wettability. Due to the
hydrophobic patches appear as low spots and the hydrophilic areas are as high spots, the phase data for the
hydrophobic patches are dark and the hydrophilic areas are light in AFM topographical data obtained under light
tapping mode (Lee et al., 2008). It is well known that PMMA is relatively hydrophilic compared with PDMS. On
the other hand, toluene is good for PDMS and poor for PMMA, as a result PMMA was apt to form raised phase, and
PDMS formed pits. In the images, the high-resolved phase formed by micro-phase separation are clearly seen with
the dark parts correspond to domains formed by PDMS blocks, and the light parts formed by PMMA. From Fig. 2
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we can see that phase separation can be observed on the surfaces of all PDMS/PMMA copolymer coatings. Both
PDMS and PMMA phase regions in copolymer PDMS27.5PMMA (Fig.2a) performed by islands with small size. By
contrast, the proportion of PDMS phase increased evidently for the morphology of PDMS61.7PMMA (Fig.2b).
Moreover, there was an apparent change in the morphology of PDMS78PMMA (Fig.2d) that the PMMA phases had
connected together. The phase region size of PDMS/PMMA copolymers with 27.5%, 61.7%, 72% and 78% PDMS
contents through cross-sectional were respectively 45nm, 100nm, 130nm and 175nm, increased with the increasing
of PDMS contents in PDMS/PMMA copolymers.
a1 a2
b1 b2
c1
c2
d2d1
Fig. 2. AFM images of surface topology of PDMS/PMMA copolymer coating with PDMS molar contents were (a1) (a2)27.5%; (b1)
(b2)61.7%; (c1) (c2) 72%; (d1) (d2) 78%
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The coatings mentioned above were prepared by spinning-coated method, therefore the surface morphologies of
PDMS/PMMA copolymer coatings were acquired mainly through quickly evaporating the solvent. Thus it might not
achieve completely thermodynamic equilibrium for the surface structures of copolymers. From the AFM images
(Fig.2c and d) we know that large area of PMMA rich regions even emerged in surfaces of copolymer coatings with
72.8% and 78% PDMS. As a result, it was necessary to anneal the copolymer coatings to put the surface structures
in state of thermodynamic equilibrium. Fig. 3 showed the AFM images of PDMS/PMMA copolymer coatings with
72.8% and 78% PDMS annealed at 120 under vacuum condition for 16 hours.
a1 a2
b1 b2
Fig. 3. AFM images of surface topology of PDMS/PMMA copolymer coating after annealing with PDMS molar contents were (a1) (a2) 72%;
(b1) (b2) 78%
From Fig. 3 we can see that phase regions were evenly distributed. In general, there will be violent thermal
motion of molecular chains in copolymer above room temperature. This made the surface structure of coatings
achieve thermodynamic equilibrium state. The glass transition temperatures of PDMS and PMMA in PDMS/PMMA
copolymer were respectively -120 and 110. As annealing temperature of 120 is warmer than either of the two,
thermal motion could happen in either PDMS or PMMA section. At the same time, the incompatibility between
PDMS and PMMA section is larger at higher temperature. Those made the interface boundary of two sections
obvious.
Root meant square (RMS) roughness values Rrms and maximum roughness values Rmax for various surfaces are
given in Fig. 4. Before annealing, surface roughness Rrms and Rmax increased with increasing PDMS contents
when molar content of PDMS is less than 72.8%. On the other side, surface roughness decreased to a minimum
value when PDMS content is 78%. The Rrms 3.134nm and Rmax 13.4nm for PDMS contents of 72.8% was the
maximum value. However, the extent of change was different in different regions. The growth was the maximum
when PDMS content was from 61.7% to 72.8%. This was illustrated that the best ranges of composition for micro-
phase separation was about 61.7~72.8% PDMS molar content. It is important to mention here that RMS roughness
is a statistical parameter and therefore, gives an average of the roughness for the entire scan (Nathawat et al., 2009).
It was well known that many reasons could lead to the morphologies of PDMS/PMMA copolymer varied according
PDMS content. For instance, PDMS segment with low surface free energy tended to rich on coating surface,
solubilities of PDMS and PMMA in toluene were different and there were acting forces among silicon wafer, PDMS
and PMMA Contrast surface roughness, we can see that for the surface roughness after annealing, Rmax was larger
but Rrms was less than before annealing.
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Fig. 4. Rrms and Rmax values for PDMS/PMMA copolymer coatings with different PDMS content
3.3. Protein Resistance of PDMS/PMMA Copolymers
The marine befouling process can be broadly into four stages: firstly, the accumulative total attaching of organic
macromolecules, such as protein, form conditional film. Then, the metabolic products of bacteria and seaweed, etc.
adhere to the conditional film, form microbial film. Thirdly, primary multicellular organisms, herbivores and
decomposing organisms adhere on the microbial film. Finally, the depositing of large marine invertebrate organism
forms fouling organism layer. Every stage of fouling process provides conditions for the next stage. In consequence,
the forming of conditional film is the foundation of fouling process, and it is important to investigate the protein
adsorption performance of antifouling coatings. It was suggested that the maximum absorbance of protein occurred
in wavelength of 278nm (Fig. 5a). The absorbance of protein solution at that wavelength was in proportion to the
solution density (Li et al., 2009). Therefore, the absorbance in wavelength of 278nm could be used to quantitative
assay of protein adsorption performance. Fig. 5b showed the standard curve obtained through the absorbance testing
of proteins solution with different concentration at wavelength of 278nm. In Fig. 5b, the points were measured
values and the line was absorbance (A) to concentration (C) fitted curve with correlation coefficients of 0.9996
expressed as formula 1.
A = 0.5479C+0.1733 (1)
In this paper, we immersed PDMS/PMMA copolymer coating samples with dimension of 1cm by 1cm in 3ml
protein solution, respectively. The protein adsorbed amounts of each sample were obtained by calculation and the
results were shown in Fig.5c.
Protein absorbed amount of coating is related to its surface condition, such as the morphology. Compared with
the primary BSA amount, the adsorption on surfaces of all the PDMS/PMMA copolymer coatings we studied was
fairly small. This indicated that PDMS/PMMA copolymer had good property in inhibiting BSA adsorption. This
made the formation of conditional coatings difficult. The protein adsorption of PDMS61.7PMMA copolymer with
medial RRMS value of 0.957nm was smaller than that of others. This was in line with the idea that protein
adsorption could be inhibited only when the phase area of copolymer has suitable size. After annealing, the protein
adsorption in copolymer surfaces decreased, due to the change of surface morphology.
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Fig. 5. (a)UV spectra of BSA solution; (b) Standard absorbance curve of BSA absorbance to concentration at wavelength of 278nm; (c) BSA
adsorbed amount on the surface of PDMS/PMMA copolymer coatings with different contents
3.4. Diatom Adsorption Performance of PDMS/PMMA Copolymer Coatings
To investigate the antifouling of PDMS/PMMA copolymer coatings, nitzschia closterium minutissima adsorption
experiment was carried out. And UV-Vis spectra of diatom solution were tested. It was suggested that the maximum
absorption occurred in wavelength of 682nm (Fig. 6a). The absorbance of diatom solution near that wavelength is in
proportion to the solution density. Therefore, the absorbance in wavelength of 682nm can be used to quantitative
assay of the adsorption of diatom. Fig. 6b showed the standard curve obtained through testing the absorbance of
diatom solution with different concentration at wavelength of 682nm. On the graph the points were measured values
and the line was absorbency (A) to concentration (C) fitted curve with correlation coefficients of 1 expressed as
formula 2.
C=9.1326A-0.5631 104Cell/ml (2)
In this paper, we immersed PDMS/PMMA copolymer coating samples with diameter of 5.08cm in 50ml diatom
solution, respectively. The concentration of diatom washed from surfaces of coating samples were obtained by
calculation and the results were shown in Fig.6c.
Diatom absorbed amount of coating is also concerned with its surface morphology. Compared with the
concentration of nitzschia closterium minutissima growth in artificial seawater, the adsorption on surfaces of all the
PDMS/PMMA copolymer coatings we studied was quite small. In addition, nitzschia closterium minutissima barely
existed on the surface of copolymer coatings after washed. This indicated that PDMS/PMMA copolymer had good
property in inhibiting diatom adsorption. The diatom adsorption of PDMS72.8PMMA copolymer with has
maximum RRMS value was smaller than any other surfaces. After annealing, the diatom adsorption in copolymer
surfaces decreased, due to the change of surface morphology.
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4. Conclusions
(1) A series of PDMS/PMMA copolymers with 27.5%, 61.7%, 72.8% and 78% molar content of PDMS were
synthesized respectively by macromolecule initiation polymerization, and their films were prepared by spin-coating
method.
(2) All of the copolymers had micro-phase separation structure with island shape. Furthermore, with the increase
in the PDMS content, the surface pattern changed in shape, size and RMS value, which were embodied in the both
increasing of phase region size and RMS value when the molar conent of PDMS is less than 72.8%. However,
surface segregation was not apparent for copolymers with 72.8% and 78% PDMS, and surface segregation in
PDMS/PMMA copolymer coatings was effectively improved by annealing treatment.
(3) BSA protein adsorption experiment results identified that all the studied PDMS/PMMA copolymer coatings
can inhibit protein adsorption. The protein resistance of copolymer coatings was improved through annealing
treatment.
(4) Diatom adsorption experiment results illustrated that PDMS/PMMA copolymer had good property in
inhibiting diatom adsorption. The adsorption of nitzschia closterium minutissima on surfaces of all the
PDMS/PMMA copolymer coatings was quite small. In addition, nitzschia closterium minutissima barely existed on
the surface of copolymer coatings after washed. After annealing, the adsorption of diatom on copolymer surfaces
decreased.
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PDMS/PMMA copolymer coatings with different contents
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